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SECTION 1 


INTRODUCTION 


Wind tunnel wall interference has been recognized as a potential 
source of error in aerodynamic testing almost since the first 
wind tunnel data were obtained. Traditional methods for 
determining the wall interference have been based on linear 
superposition theories and have been found to be deficient when 
significant wall interference is present. Advances in the early 
1970's provided a new impetus to wall interference theory. New 
insights were gained in the understanding and treatment of wall 
interference through the adaptive wall concept. The adaptive wall 
concept was revolutionary in that it clearly established that a 
wealth of information about wall interference is contained in the 
distribution of flow variables measured at, or near, the tunnel 
boundaries. This insight spawned methods for wall interference 
assessment/correction (WIAC) techniques that could be applied to 
any wind tunnel, either with adaptive or passive wall. 

The restoration of the NASA Ames Research Center 12-FT Pressure 
Wind Tunnel (PWT) presents the opportunity to provide a modern 
test section with a fully integrated WIAC system. The ability to 
identify and correct for the wall interference in this national 
high Reynolds number, low speed facility will provide 
unparalleled high quality experimental results. 

An integrated WIAC system is comprised of four components. First, 
an interface measurement system (IMS) is required to measure the 
distribution of flow variables, usually pressure and flow angle, 
on or near the test section walls. For a solid wall wind tunnel 
like the PWT, the IMS is generally a strategic distribution of 
static pressure orifices mounted in the tunnel wall since the 
flow angle is zero at the wall. Second, a data acquisition and 
processing system is required to capture the data from the IMS. 
The components of the acquisition and processing system are 
signal processors for the output of the IMS measurement devices, 
a data buffer, and a computer (either stand-alone or test 
integrated) to process the IMS data. Third, WIAC methodology and 
software are required to determine the wall interference in the 
tunnel from the processed IMS data. Finally, the output from the 
WIAC software must be interfaced with either the facility data 
acquisition computer to provide wall interference corrections to 
the tabulated data or with the tunnel control system to adjust 
the tunnel flow conditions to account for the wall interference, 
or both. 
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In this first phase of the development of a WIAC system for the 
PWT , the University of Tennessee— Calspan Center for Aerospace 
Research (CAR) has developed the design criteria for the IMS. 
This was accomplished in three primary steps. First, the 
operational scenarios of the PWT were analyzed as to their 
requirements for the WIAC system. Secondly, appropriate wall 
interference theories were evaluated against the requirements 
determined from the operational scenarios. Finally, the free-air 
flow about representative models in the PWT was calculated and, 
specifically, the pressure signature at the location of the 
tunnel wall was obtained. The number and location of static 
pressure orifices to adequately describe the pressure signature 
on the wall were determined. This report presents the results of 
this development. 


SECTION 2 

OPERATING SCENARIO 


TUNNEL TEST ENVIRONMENT 


The PWT will be capable of testing a variety of model 
configurations mounted from various support systems in a wide 
range of test types. The model configurations include 
conventional three-dimensional air vehicles (with or without 
power) , half models or semispan wings, two-dimensional lifting 
surfaces, air vehicle components such as engine nacelles (with or 
without power) and air vehicle propulsion systems. 

There are five basic support systems. A high speed conventional 
sting support system can be used for model pitch and roll 
control. A floor-mounted turntable with pitch control can be used 
to support half models and semispan wings . A bi-pod strut 
support can provide pitch and yaw control for large model forces. 
A high-alpha support provides pitch and yaw control for model 
pitch angles up to 93 degrees. Finally, a thru-support provides 
pitch control for two-dimensional lifting models and other 
special configurations. Additionally, special test configurations 
certain to appear that will require some other support 
arrangement than those described above. 

The testing environment immediately after the PWT restoration is 
complete can now be identified with reasonable certainty. About 
50 percent of the testing will be high-alpha aerodynamics. About 
25 percent of the testing will be high lift development. The 
remaining 25 percent will be mostly generic body shape 
aerodynamic development and generic research. The high alpha and 
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high lift tests will involve mostly semispan or half models with 
chord lengths as large as 2 feet and wing spans that extend to 80 
percent of the test section diameter. The models will be large to 
maximize Reynolds number and could easily approach 5 percent 
solid blockage. Half model fuselage sections will approach 20 
feet in length. Semispan and half models will be mounted in the 
test section either directly to the floor turntable or to a 
splitter plate for boundary layer control. The major test 
objective for this family of model/test configurations will be to 
determine maximum lift coefficient. Sting support and high-alpha 
support models will be both fighter (low-aspect-ratio) and 
commercial (high-aspect-ratio) aircraft types. These models will 
also be large (blockages up to 2 percent) at very high pitch 
angles with large wakes. Test objectives for these model/test 
configurations will be aerodynamic performance including 
high-alpha maneuvering characteristics. 

There will probably be a significant amount of testing with both 
yawed and rolled models. There will be two-dimensional testing in 
the PWT, but not early after the restoration completion. It 
should be noted that although the test model may be 
two-dimensional, the actual tunnel flow will never be 
two-dimensional because of the cross-sectional shape of the test 
section. 

There will be tests of propellers and propfans. The tests will be 
for the propulsive devices alone, or for powered nacelles, wings 
or models. 

The operational environment of the tunnel will be adverse. The 
test section will be on a turntable that rotates toward several 
access points. Personnel will frequently be walking on the test 
section floor. Models and test hardware will be rolled into the 
test section on dollies. The circuit is expected to be very 
dirty. Dust and other matter will contaminate the flow and tend 
to collect on the floor. 


WIAC INTEGRATION 


A WIAC system can be integrated into the test operations in a 
number of ways. The specific mode in which it is integrated 
depends on the test environment, the type of test and the 
objectives of the end user. 

The most basic delineation of modes of application is the 
assessment versus the correction mode. In the assessment mode the 
WIAC system monitors the IMS data during testing and identifies 
the presence of wall interference. The integrity of the data is 
subsequently evaluated. The correction mode goes a step further 
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by relating the boundary perturbations to interference effects on 
the model itself and by applying the requisite corrections to the 
model data, or defining equivalent test conditions. 

Data corrections can be applied either globally or locally. The 
global correction technique determines equivalent free air 
conditions to which the wind tunnel data correspond. These 
corrections are normally in the form of Mach number and 
angles-of-attack and yaw adjustments to the actual test 
conditions. The local correction technique relates the wall 
boundary interference signature to the distribution of 
interference along the model surfaces. Corrections are then 
applied locally as increments to the model pressure distribution. 
The calculated corrections to the local surface pressure 
distribution can then be integrated to obtain forces and moments. 

A WIAC system can operate in on-line or off-line modes. An 
off-line system will assess or correct data at some time after 
acquisition independently from the test conduct. The off-line 
mode is also referred to as post-test assessment/correction. An 
on-line mode will provide real time assessment or correction. The 
data integrity is assessed immediately and corrections can be 
applied directly to the on-line tabulated data. The advantage of 
the on-line system is the ability to customize the test in 
progress. The disadvantage is that the WIAC procedures can slow 
the test process because of the necessary calculations. 

An on-line WIAC system can also be interactive with the tunnel 
operation. Operating in this mode, the WIAC system can evaluate 
the data integrity and, if interference is present, adjust the 
Mach number and/or model attitude as appropriate to acquire the 
desired test conditions. Residual, or non-spatially uniform, 
interference effects can then be corrected, if necessary, either 
on “line or off-line. The interactive mode would operate in a 
manner similar to that presently used for the PWT with the 
Sivells and Salmi correction factors (Reference 1) . 

The ultimate application of a WIAC system in a wind tunnel is 
envisioned to have the capability to operate in the on-line, 
interactive mode and to calculate suitable corrections. This 
system would allow for the highest quality data for critical 
measurements of lift, drag and pitching moment on high lift wing 
and aircraft models. Other types of testing would allow for 
relaxing the requirements of the WIAC system. The approach for 
determining the design criteria for the IMS for the PWT was to 
design to the more demanding requirements. The resulting IMS can 
supply boundary information sufficient for an on-line, 
interactive, WIAC system. 
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SECTION 3 


THEORY 


WIAC techniques generally require knowledge of the distribution 
of two independent flow variables in the field of the test 
article (References 2-6) . The independent variables may be 
measured or modeled theoretically. The attention of many recent 
developments in WIAC theory has been focused on transonic testing 
in ventilated wind tunnels. There are some significant 
differences between WIAC applications in solid wall and 
ventilated wall wind tunnels, and these differences will be 
emphasized . 

For ventilated tunnels, it is customary to discuss the procedures 
in terms of the number of flow variables actually measured 
(References 2-6) . Thus the classical theoretical methods in which 
the flow variables are both determined theoretically, namely the 
model geometry and an idealized ventilated wall boundary 
characteristic (References 2 and 7), can be categorized as 
zero-measured variable procedures. One-measured variable 
procedures (References 8-19) also incorporate a model geometric 
description, but make use of the distribution of the longitudinal 
disturbance velocity over an entire interface near the wall and 
surrounding the model. In practice, the static pressure 
distribution is actually measured and the linear relation is used 
to infer the longitudinal disturbance velocity component. A more 
accurate determination of the longitudinal component of the 
disturbance velocity from the measured static pressure is 
discussed by Labrujere (Reference 20) . 

One category of two-measured variable procedures consists of the 
measurement of the distribution of one flow variable near the 
wall and measurement of the pressure distribution on the model 
(References 2, 21-24). Another two-measured variable procedure 
consists of the measurement of the distribution of two 
independent flow variables near the wall (References 2, 11, 20 
and 25-28) . In linear, subsonic flow, the distributions of the 
flow variables can be integrated over the interface surface, with 
suitable weighting, to directly obtain the wall interference 
corrections. The model description is not required explicitly. 
However, there is an assumption that the effective model shape 
(the shape which accounts for all physical phenomena neglected in 
the equations of motion; e.g. viscous and vortical effects) for 
the equivalent free-air flow is not significantly different from 
that for the tunnel flow. 
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For solid wall tunnels such as the PWT, a different 
interpretation is possible. One of the flow variables, the 
disturbance velocity component normal to the wall, is known. 
Either an assumption can be made that the displacement effect of 
the boundary layer is negligible and the normal component is 
zero, or a correction can be applied from boundary layer 
calculations, whichever is appropriate. Therefore, a one-measured 
variable method can be applied without any measurement 
requirement, or similarly, a two-measured variable method can be 
applied with the measurement of only one flow variable other than 
the flow angle at the wall. Consequently, a two-measured variable 
procedure can be applied with only the measurement of the 
distribution of the static pressure on the solid wall. This 
provides the second flow variable as well as sufficient 
information to calculate boundary layer corrections to the flow 
angle at the wall, if necessary. 

With this background, the available 3-D WIAC procedures will be 
discussed for their potential application to the PWT. One method, 
developed by Hackett et al . (References 29-31), is difficult to 
classify in terms of the number of measured variables because 
only very limited measurements are made of the static pressure on 
the wall. Therefore, the distributions of flow variables at the 
wall cannot be integrated accurately enough over the interface 
surface to obtain corrections. This is overcome by supplementing 
the limited pressure measurements with a simplified model 
representation using a few well-chosen singularities. The 
strengths of the singularities are determined using the wall 
pressure measurements and the solid wall, zero normal flow 
boundary condition. For rectangular cross sections, Hackett et 
al. (References 29-31) use an image singularity system to satisfy 
the solid wall boundary condition. For the NASA-ARC 40 ft.X 80 
ft. cross section,, though, hackett et al. (Reference 30 } used a 
panel method to satisfy the boundary condition. It is anticipated 
that a panel method can be implemented to satisfy the boundary 
condition for the PWT cross section. After evaluating the 
strengths of the singularities, the wall induced interference can 
be determined and expressed in global terms as Mach number and 
angle-of-attack corrections. The Hackett method is superior to 
the standard one-variable, solid wall methods in that the model 
representation is deduced from actual wall measurements instead 
of being assumed a priori. 

Other methods are due to Ashill and Weeks (References 27 and 28) 
and Labrujere (Reference 20) . They both require a sufficient 
number of pressure measurements on the wall to adequately 
describe the distribution of pressure. They are both linear 
methods and determine global Mach number and angle-of-attack 
corrections. The wall induced velocities at the model location 
are calculated by a straightforward weighted integration of the 
flow variables over the entire interface surface. The detailed 
definition of the wal] pressure distribution allows for the 
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elimination of the requirement to represent the test article 
explicitly. It is estimated that the computational requirements 
of the Hackett, Ashill and Weeks, and Labrujere methods are 
comparable . 

The relative accuracy of the Hackett method with respect to the 
Ashill and Weeks or the Labrujere complete two-measured variable 
procedures without model representation has not been 
investigated. Data that permit comparison do exist in References 
19 and 28. 

There remains a limitation in the fullest possible usage of the 
complete two-variable methods in solid wall wind tunnels. The 
assumption of the linear nature of the wall interference becomes 
invalid when there are significant gradients in the distribution 
of the wall induced velocity field over the extent of the test 
article. Specifically, global corrections to Mach number and 
angle-of-attack may not be adequate because of the nonlinearly 
distributed interference effects on the model. 

This limitation was addressed by Labrujere et al. (Reference 32) 
for 2-D flows over high-lift, mu 1 t i -e 1 emen t airfoil 
configurations. They found it necessary to reintroduce a model 
representation in conjunction with the two-measured variable data 
to formulate an integral equation to determine the local 
correction to the flow over the model at the test Mach number and 
angle-of-attack. A panel method was used to obtain the numerical 
solution to the integral equation. In the course of WIAC 
development over the next several years, it is possible that 
corresponding methods may be developed for 3-D flows. Such 
developments would extend the Hackett and/or Ashill and 
Weeks/Labru jere methods to a greater range of configurations with 
fewer limiting assumptions. 

Advanced developments like this have been anticipated and are 
considered in the definition of requirements for the PWT IMS. It 
is imperative that the static pressure be measured over the 
entire wall surface so that full usage can be made of available 
3-D WIAC procedures, present and future. 


SECTION 4 

ORIFICE REQUIREMENTS 


A systematic investigation was conducted to determine the orifice 
number and location requirements for the IMS system. First, two 
test articles were selected to represent the various testing 
scenarios in the PWT. Then the test article geometries, along 
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with the test section geometry itself, were numerically modeled. 
The flowfield about the test article in free-air was calculated 
and the pressure signature at the location of the test section 
walls was determined. A curve fit routine was then used to 
determine the necessary orifice locations to sufficiently 
describe the wall pressure signature. The details of this 
investigation are described below. 


MODEL SELECTION 


Analysis of the PWT operating scenario revealed that a severe 
wall interference situation will be encountered for the large 
half models and for the high-lift configurations. These 
configurations not only will encounter large interference, but 
will impose large pressure gradients at the wall. Therefore, 
representations of both of these situations were chosen to 
investigate the orifice spacing requirements. 

The recent history of aircraft development and present and future 
trends of aircraft technology (References 33 and 34) were studied 
to select a representative geometry for this investigation. A 
summary of transport type aircraft geometry parameters is shown 
in Table 1. A geometry was selected to be representative of the 
data in Table 1. The basic characteristics of the chosen model 
are given below. 

Aspect ratio = 8 

Body length/wing span = 1.15 

Average wing thickness ratio = 0.11 

Furthermore, experience dictates that the maximum practical wing 
span of a wind tunnel model will be limited to about 80 percent 
of the tunnel width. This criterion was used to size the models 
for the investigation so that the resulting geometries would 
generate representatively large levels of wall interference and 
large pressure gradients at the wall location. 

A convenient geometry to use for the model fuselage is that of 
the ONERA M-5 body of revolution. This geometry, which is 
described in Figure 1, was used for both the half model and the 
full-span model. 

The resulting model geometries are shown in Figures 2 and 3 . The 
full-span model (Figure 2) has a wing semispan of 4.8 feet and a 
body length of 11 feet. The model is located on the tunnel 
centerline for the flowfield calculations. The half model (Figure 
3) has a semispan of 9.6 feet and a body length of 22 feet. This 
model is located on the tunnel floor for the flowfield 
calculations . 
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FLOWFIELD CALCULATION 


The flow about the models was computed for free-air conditions. 
The distribution of the longitudinal disturbance velocity 
component was then determined along the test section wall 
location. The calculations were obtained for a Mach number of 0.6 
and a lift coefficient of 0.5 to simulate very demanding test 
conditions. 


The influences of the model fuselage, wing thickness, and lifting 
effects were calculated separately and combined by superposition 
to describe the total model flowfield. The fuselage was 
represented with a discrete source distribution and the wing 
thickness and lift were represented by spanwise distributions of 
3-D doublets and finite-span horseshoe vortices respectively. 


The disturbance potential of a slender body (closed on both ends) 
is described mathematically by : 



For the present calculations, a discrete source distribution was 
used as an approximation to Eq. (1). Therefore, the disturbance 
potential due to the body is approximated by: 
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Finally, the disturbance velocity in the longitudinal direction 
can be calculated by: 
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Eq (4) can be simplified by assuming that the doublet strength is 
independent of its spanwise location (i.e. K(r?)=K 0 ) which yields 
the following: 


(5) 
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The integral in Eq (5) can be evaluated explicitly. The 
disturbance velocity in the longitudinal direction due to the 
wing thickness can then be expressed as: 


( 6 ) 
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The doublet strength is given as 

geometry and the freestream velocity 
equation: 2 
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Combining equations (5), (6), and (7), the dimensionless 

disturbance velocity due to the wing thickness can be determined 
by: 

« r 1 # T 

( ® ) u u dx 


The wing lifting effects were calculated using a finite-span, 
elliptically-loaded lifting-line representation to obtain the 
dimensionless disturbance velocity. The method, which was 
developed originally for an adaptive wall investigation 
(Reference 35) , consists of the summation of the velocity field 
induced by a set of finite-span horseshoe vortices constructed 
following the vortex-lattice guidelines of Hough (Reference 36) . 


Finally, the total flowfield of the model is obtained b T 
superposition of the body, wing thickness and lifting effects b} 
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As mentioned above, the total free air longitudinal disturbance 
velocity component was calculated over the entire test section 
wall location. Therefore, the velocity component is a function 
of the longitudinal coordinate, x, and the angle, G , in the y-z 
plane, see Figure 4. 


An example of the flowfield calculations is given in Figures 4 
through 7 for the centerline-mounted model. The disturbance 
velocity distribution along the longitudinal direction at an 
azimuthal location, ©, of 20 degrees is shown in Figure 4. The 
distribution of the total disturbance velocity component is the 
superposition of three components expressed in Eq. (8). The 
longitudinal dimension is nondimensionalized by the wing chord 
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length with the wing root leading edge station signified as x=0. 
Similar disturbance signatures for azimuthal locations of 70, 
110, and 160 degrees are shown in Figures 5, 6, and 7 
respectively . 


INTERFACE DESCRIPTION CRITERIA 


The flowfield calculations described above yield a continuous 
distribution of the pressure at the test section wall location, 
assuming the linear relationship between the pressure and the 
longitudinal velocity component. The objective is to determine 
the number and location of discrete measurements required to 
provide a sufficiently accurate approximation to the pressure 
distribution at the wall. First, however, it is necessary to 
establish accuracy criteria for making that evaluation. The 
criteria must be based on model parameters since the end product 
of the system is to make corrections to these parameters. 

The accuracy of the interface pressure distribution will be 
affected by two major error sources. One source is from the 
approximation of a continuous distribution by a limited number of 
discrete measurements together with a curve fitting routine. The 
other source is the error of the measurements themselves. It is 
assumed that the wall static pressure can be measured and 
converted to coefficient form with an accuracy of ± 0.005. This 
is a reasonable assumption for modern pressure systems using 
electronically scanned pressure transducer modules (ESP) . 

The effects of the error at the interface are evaluated at the 
model location as follows. If the test section of the PWT is 
approximated as being circular, the interference on the model may 
be expressed in terms of modified Bessel functions as 

/ ao no 

(10) «i(*,r=0,e)= £ V e ikx e im *A k 

\ J e,m 

k=0 m - 0 

where the constant coefficients are related to the measured 
velocity error “(*, ] on the interface. If the interface error is 
expanded into a similar series form as 

(11) u(«,fi,e)= X X e ' k ‘ e ‘ m '' B tj nL^' R) 

k~0 m — 0 

then the coefficients may be related to . The ratio 
of the disturbance velocity at the model to that at the interface, 
ufx.O.G )/u(x,r,0 ), using equations (10) and (11) is of the order 


(11a) 

Therefore the error at the model location is significantly 
smaller than the measurement error on the interface. 
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The configuration (number and location) of the wall measurements 
can be evaluated, then, by considering only criteria at the 
interface. Specifically, the distribution of the pressure at the 
wall obtained from curve fitting the discrete measured data must 
compare with the calculated pressure distribution within the 
measurement accuracy. This criterion yields model disturbance 
distributions that are virtually the same within experimental 
accuracies, both longitudinally and azimuthally. 

Representative results of the orifice number and location 
evaluation are shown in Figures 8 through 11. The signature of 
the total disturbance velocity along the longitudinal direction 
at an azimuthal location of 20 degrees is shown by the solid line 
in Figure 8. The orifice locations are shown as the circular 
symbols. The disturbance velocity distribution as determined by a 
curve-fit (Reference 37) through the calculated data at the 
discrete orifice locations is shown by the dashed line. As seen 
in Figure 8, the dashed line is overlayed on the solid line 
except for a very small excursion in the vicinity of orifice 
location 4. The quadratic mean of the error is also given in the 
Figure and is very small. Evaluations for azimuthal locations of 
70, 110, and 160 degrees are shown in Figures 9, 10, and 11 
respectively. As demonstrated in Figures 8 through 11, the 
selected IMS orifice configuration produces very high fidelity 
between the actual and fitted disturbance signatures at the wall 
location. 


ORIFICE LOCATION 


Using the analysis as described above, a wall orifice arrangement 
of 200 orifices was selected. The configuration provides 
acceptable resolution of the model-induced pressure signal at the 
wall for the model configurations investigated. 

The results of this investigation yield an orifice configuration 
with 8 rows of 25 orifices each. The test section windows and 
structure were considered for the azimuthal row placement. It 
should be noted that the optimum orifice locations include 
longitudinal rows along the centerlines of each of the test 
section wall flats. A compromise was necessary to preserve the 
window areas along the flats. The distribution of orifices along 
each row was determined by the resolution requirements of the 
pressure signal. The orifice locations are shown in Table 2 and 
in Figures 2 and 3. The actual azimuthal location of the 
longitudinal rows should be as close to the flats as the test 
section structure permits, but sufficiently removed from the 
flats to avoid local perturbations at the juncture. . Explicit 
determination of the ocation was not possible since detailed 
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design drawings were not available. The azimuthal location can be 
fixed when the final design is established and drawings are 
available. 


COMPARISON WITH EXISTING WIAC and ADAPTIVE WALL INTERFACE 
MEASUREMENT SYSTEMS 


The selection of the static orifice locations for the PWT as 
described above was made independently of the survey reported in 
this section. However comparison with other systems around the 
world is useful and adds credibility to the independent 
investigation. The survey of existing IMS systems is summarized 
in Tables 3 to 5. 

Information for experimental WIAC investigations performed in 
passive test sections with ventilated and impermeable walls is 
presented in Table 3 . Information for residual interference WIAC 
systems for 3-D tests conducted in 2-D flexible, impermeable, 
adaptive wall test sections is presented in Table 4. Information 
for adaptive wall systems with a variety of wall control 
mechanisms for 3-D adaptations is presented in Table 5. 

All of the data presented in Tables 3 to 5 for full-span models 
are assumed to be for flows that are fully 3-D without lateral 
symmetry. For those published cases where lateral symmetry was 
assumed, extrapolation in the number of rows has been made and 
noted. 

No attempt was made in the investigations referenced in Tables 3 
to 5 to generalize the azimuthal locations of the longitudinal 
rows of orifices. In each case, the location was chosen as 
appropriate to the structure of the experiment, the test section 
and model configurations. The only known systematic investigation 
to reduce the number of rows of orifices was by NLR (Reference 
19) . In their calculations, the number of rows was reduced from 
24 to 6 (actually from 13 to 4 with lateral symmetry) without an 
appreciable effect on the corrected results for the two-variable 
WIAC method (Reference 20) . 

There is also no generality in the longitudinal distribution of 
orifices along the rows. The locations generally have been 
distributed more closely in the immediate vicinity of the test 
article than either upstream or downstream. No systematic 
investigations of the effect on the corrections of reducing the 
number of orifices per row are known. 

Accurate interpolation of pressure measurements around the 
circumference of circular or octagonal cross sections can be made 
with data at fewer azimuthal locations than around rectangular 
cross sections. The PWT cross section with flats interrupting the 
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otherwise circular shape is favorable in this regard. Comparisons 
of the number of orifice rows between the PWT and existing 
tunnels are most significant for tunnels with circular or 
octagonal cross sections and/or interfaces; i.e. to AEDC IT, 
DFVLR DAM, RAE Bedford and TU-Berlin TUB (3-D) . 

The 8 rows of orifices recommended for the PWT are somewhere in 
the middle of the spread (4 to 24) of the facilities in Tables 3 
to 5. Considering those facilities with circular or octagonal 
cross sections, only the AEDC IT has more rows (16) , but that 
choice was conservative for initial, specialized adaptive wall 
applications. Moreover, the AEDC tests (Reference 3) were carried 
out at high transonic speeds approaching free-stream Mach numbers 
of one with a very large test article. The AEDC IT IMS had to 
accommodate large gradients in the model-induced pressure field 
on the interface, especially in the neighborhood of the wing 
tips. NLR began their investigation with 24 rows for a 
rectangular cross section, but found that a reduction to 6 rows 
was adequate. 

Examination of the number of orifices per row in Tables 3 to 5 
shows that only ONERA/CERT T2 , NAE, and AEDC IT with 34, 40, and 
40 respectively had a larger number than that recommended for the 
PWT. The NAE and AEDC tunnels are used for transonic testing with 
large gradients of model-induced pressure at the interface. It is 
apparent from the disturbance plot published by Mokry, et al., 
(Reference 38) that for a transport configuration at M=0.45 and 
C^=0.551 a forty percent reduction in the number of orifices from 
40 to 24 per row should not compromise the WIAC results 
significantly if realistic smoothing and interpolation are used. 

The conclusion is that the number and location of the orifices 
selected for the PWT are consistent with those of other IMS 
operating in the same Mach number range. The wide variety of test 
article configurations anticipated for the PWT, as well as the 
requirements for full-model testing (in and out of ground effect) 
and half-model testing, necessitate more measurements than the 
minimum numbers found sufficient in the testing reported in the 
literature. Furthermore, the number and location of the orifices 
should suffice regardless of the course of future development of 
two variable nonlinear WIAC methods. 
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SECTION 5 


MEASUREMENT SYSTEM DESIGN 


The ultimate integrity of a WIAC system will depend on the 
accuracy of the measurement of the static pressure at the test 
section wall. Therefore, a well conceived orifice geometry and 
measurement system design is vital to the performance of the PWT 
WIAC system. A large body of experience and knowledge has been 
gained designing pressure measurement systems for wind tunnel 
tests at AEDC. This experience has been applied using the methods 
described in References 39 and 40 to arrive at the following 
pressure system design criteria. 


ORIFICE DESIGN 


The orifice geometry is critical to the accurate measurement of 
the static pressure on the wall surface. Errors can be generated 
if the hole has burrs, rounded edges, or other imperfections from 
poor installation or subsequent damage. But even if the hole is 
constructed perfectly, residual errors can still be significant, 
especially if the orifices are poorly designed. The residual 
error is caused by local perturbations to the flow and the 
resulting disturbance of the boundary layer. 

Most of the orifice design development has been accomplished 
experimentally. Investigators typically assume a zero diameter 
orifice to have zero error. They then determine the relationship 
between orifice size and residual error. If the orifice error is 
non-dimensionalized by the local value of the wall shear stress, 
then the resulting relationship (Reference 39) is 


( 12 ) 



where A P 

i 

w 

p 

d 

and v 


the static pressure error, 
wall shear stress, 
the fluid density, 
the oiifice diameter, 
the absolute viscosity. 


As can be seen from Eq. (12), the measurement error can be 
decreased by decreasing the orifice diameter. However, practical 
problems arise as the orifice diameter gets very small. The 
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orifices become overly susceptible to contamination and are 
easily stopped-up. Therefore, the pragmatic orifice size 
selection is a compromise between a tolerable pressure 
measurement error and operational considerations. Calculations 
were made for various values of the above parameters to cover the 
entire operating range of the PWT. The criterion used to 
calculate the allowable orifice diameter was to have a pressure 
error less than 0.1 percent of the measured static pressure. The 
orifice diameter recommended for the PWT IMS system is 0.020 in. 
This diameter has been used extensively in wind tunnel test 
models and in many static pipe and wall orifices at AEDC with 
great success. Orifices of this diameter are relatively free from 
contamination problems and have less than 0.1 percent pressure 
error over the range of flow conditions to be experienced in the 
PWT. 

The pressure measurement error is also a function of the ratio of 
orifice diameter to the orifice depth. The optimum depth 
(Reference 40) for the PWT IMS orifices is one-half the diameter. 
This orifice geometry is very difficult to manufacture, however, 
and a depth equal to the diameter is recommended as a good 
compromise. The recommended orifice geometry is shown in Figure 
12 . 

PNEUMATIC TUBING CRITERIA 


An analysis of the pressure lag caused by various pneumatic 
tubing lengths and diameters was conducted with an unpublished 
pressure lag analysis technique that is commonly used for similar 
analyses. The recommended tubing diameter is 0.040 in. and the 
tubing length should not exceed 20 ft. between the orifice and 
the pressure transducer. 


ORIFICE INSTALLATION 


The best method for orifice installation is to fabricate the 
orifice itself in a small plug insert and to install the plug in 
the test section wall. This method is superior because it allows 
for a high quality, table machined orifice plug that can be 
removed and replaced if it becomes damaged. The plug insert 
should be manufactured in brass. The brass plug inserts are then 
press fit into holes drilled into the test section wall. The plug 
face is made flush with the wall by filing and sanding. This 
orifice installation technique is already familiar to NASA-ARC 
personnel. The plug geometry is also shown in Figure 12. 

Consideration was given to innovative ways to install the 
orifices in the test section. One method was to install the 
orifices in metallic strips. The strips could be positioned as 
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desired, thereby giving a great deal of flexibility to the 
placement. Another idea was to install the orifices in strips 
that would then be placed in machined slots in the test section 
walls. This would allow for metric or non-metric interchangeable 
strips to be used where needed, again for flexibility. However, 
it was finally decided to stay with the conventional method of 
installing the orifices directly in the walls. This is the most 
reliable method for a production facility and will ultimately be 
the most trouble-free. The presence of the wall orifices will 
require operating procedure considerations to protect them from 
damage by personnel walking over them and rolling or dragging 
hardware over them. Protective mats or floor covering should be 
sufficient for orifice protection. It is recommended that the 
capability of purging the orifices by blowing high pressure air 
through the the orifices from the transducer side of the pressure 
tubing be included in the pressure measurement system. 


SECTION 6 
SUMMARY 


Development of modern, complex air vehicle configurations is 
placing increasing demands on wind tunnel testing capabilities. A 
major area of concern is wall induced interference. Recent 
developments in wall interference technology provide a means for 
assessing and correcting for the wall induced interference using 
information contained in the distribution of flow variables 
measured at, or near, the wall. The restoration of the PWT 
provides an excellent opportunity to incorporate a measurement 
system with which wall interference assessment/correction 
technology can be applied. In this first phase of the development 
of a WIAC system for the PWT, the design criteria for the 
placement and the geometry of wall static pressure orifices were 
determined. 

The design criteria were developed with a three step approach. 
First, the operational environment of the PWT was analyzed as to 
the requirements for the WIAC system. Second, appropriate wall 
interference theories were evaluated against the the requirements 
determined from the operational environment. Third, the flow 
about representative models in the PWT was calculated and, 
specifically, the pressure signatures at the location of the test 
section wall were obtained. The number of discrete pressure 
measurements and their locations were determined by curve fitting 
the pressure distribution through the discrete measurements and 
evaluating the resulting error (the RMS difference between the 
actual pressure distribution and that from the curve fit) . 
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The operational environment of the PWT will be very demanding. 

models to maximize Reynolds number will be commonplace. A 
varied collection of model support systems will adapt to many 
different types of models and test configurations. There will be 
two-dimensional model testing and propulsion testing as well as 
the variety of conventional model testing. This environment will 
result in many, varied model induced pressure distributions on 
the wall. The IMS, then, has to be sufficiently generalized to 
provide an accurate description of the pressure distribution on 
the wall for any of these situations. 


WIAC procedures require the knowledge of the distribution of two 
independent parameters of the flow field. These parameters may be 
either measured or calculated with a theoretical model. The most 
familiar WIAC procedure is the classical, zero-measured variable 
method where the model geometry and wall characteristics are 
determined theoretically. The one-measured variable methods also 
incorporate a model geometric description, but use the measured 
distribution of static pressure at the wall location to infer the 
longitudinal disturbance velocity distribution. There are two 
types of two-measured variable procedures. One method uses the 
measurement of a flow variable at, or near, the wall and one at 
the model. This category is limited for 3D flows because 
sufficiently detailed pressure data on the model surfaces is 
rarely obtained. The other type uses the measurement of two flow 
variables at, or near, the wall. 


Application of the one- and two-measured variable methods becomes 
easier in solid wall tunnels because the normal disturbance 
velocity at the solid wall is known. Therefore, the one-measured 
variable methods can be applied with no measurements (if the wall 
boundary layer is ignored) , and the two-measured variable methods 

can be applied with only one measurement other than the normal 
disturbance velocity. 

All of the WIAC procedures, including foreseeable developments in 
current technology, were considered for the PWT IMS desiqn. The 
number and location of the static pressure orifices are 
sufficient for the application of any of the procedures. 

The model configurations chosen to calculate representative 
disturbance velocity signatures at the wall location were a larqe 
centerline, sting-mounted high-lift aircraft and a larqe 
floor mounted half model. These configurations were chosen 

because of the severe test conditions they imposed within the 
test section. 


The disturbance velocity signatures at the wall location were 
actually determined by calculating free-air flowfields about the 
model configurations. The distribution of the disturbance 
veiocity over the entire wall location was then obtained from the 
flowfield calculations. 
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The free-air flowfield about the model was a superposition of the 
individual contributions of the model fuselage blockage and the 
model wing lift and thickness. The fuselage was represented with 
a discrete source distribution and the wing thickness and lift 
were represented with spanwise distributions of 3-D doublets and 
finite-span horseshoe vortices respectively. 

Finally, based on the gradients of the disturbance velocity 
distribution at the wall location, the number and location of 
orifices necessary to adequately describe the distribution were 
selected. The orifice configuration was then evaluated by 
comparing the actual distribution with that determined from 
curve-fitting through the discrete orifice locations. Analysis of 
the ratio of the magnitude of the error in describing the 
disturbance velocity distribution at the wall to the magnitude of 
the error at the model location indicated that the criterion for 
sufficient accuracy is appropriately applied at the wall. This is 
because the error is much smaller at the model than at the wall. 
Thsre ^ ore , a criterion for accuracy for the disturbance velocity 
description at the wall was developed based on the accuracy of 
the measurement of the static pressure at the wall, which is 
J:0.005 in pressure coefficient. The selected configuration of 
orifice locations easily satisfies this criterion. The orifice 
locations were adjusted to not interfere with the test section 
windows or major structural components. 

The resulting orifice number and locations were compared with 
existing wind tunnels with both adaptive and WIAC capabilities. 
The PWT IMS compares conservatively with existing systems in that 
it has about the same number, or more, than those systems. The 
conservative^ comparison is good to ensure the generality of the 
PWT IMS and its applicability to future WIAC developments. 

^^^Tice design and installation technique is also recommended. 
The orifice design is based on a compromise between minimum 
error considerations, and pressure lag and durability 
considerations. The design will provide pressure measurements 
with less than 0.1 percent error over the PWT operating range and 
will be relatively free from plugging problems from flow 
contamination or traffic damage during test modifications. The 
orifices should be fabricated as brass plug inserts and then 
press— fitted into the tunnel wall. This allows for high quality 
or i-fices that can be removed and replaced if they become damaged. 
The tubing length between the orifices and the transducers was 
analyzed for lag considerations. A length not to exceed 20 ft. 

for 0.040 in. diameter tubing is recommended to minimize pressure 
lag. 
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TABLE 1 


Characteristic T ransport Aircraft Geometry 


AIRCRAFT 

BODY LENGTH 
WING SPAN 

ASPECT 

RATIO 

AVERAGE 

THICKNESS 

RATIO 

737-200 

1.04 

8.8 

12.89 

747-200 

1.15 

7.0 

13.4(IN) 

7.8(MID) 

8.0(OUT) 

757-200 

1.23 

7.8 



767-200 

0.99 

7.9 

15.1 (ROOT) 
10.3(TIP) 

C-5 

1.04 

7.75 

12 

MD-80 

1.26 

9.62 

11 

DC-10 

1.03 

7.5 

12.2(ROOT) 

8.4(TIP) 

MD-11 

1.14 

7.5 
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1 . Plug diameter should match hole diameter to get a force-fit in wall. 

2. Pneumatic tubing shall not exceed 20 ft. to maintain small pressure 
lag time. 

3. Orifice shall be square-edged and free from burrs. 


FIGURE 12. Static Pressure Orifice Geometry. 
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